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Abstract 
REFLECTIVITY OF SOLIDS IN THE VACUUM ULTRAVIOLET 

A ' 67bQ John F. Osantowski 
1 

Peaks observed i n  the re f lec t ion  spectrum of several  

so l id s  beyond the  fundamental absorption edge have been 

a t t r i b u t e d  t o  d i r ec t  interband t r ans i t i ons  a t  symmetry 

points  i n  t h e  B r i l l o u h  zone. I n  t h i s  work a special  

vacuum reflectometer was constructed and the r e f l e c t i v i t y  

of cubic s ingle  c r y s t a l  zinc sulphide w a s  measured between 

4 and 30 electron vol t s .  Prominent r e f l e c t i v i t y  peaks 

were observed a t  5 . 9 ,  

The f irst  three peaks 

7.2, 9.8, and 13.8 electron vo l t s .  

were ten ta t ive ly  a t t r i bu ted  t o  the 

t r ans i t i ons  respectively.  This assignment was made by 

comparing the r e f l e c t i v i t y  of zinc sulphide wi th  s imilar  

data  and electron energy band calculat ions fo r  germanium. 

The peak a t  13.8 electron v o l t s  was a t t r i bu ted  t o  a transi- 

t i o n  from the d-band, and t h i s  exc i ta t ion  energy w a s  found 

t o  compare favorably w i t h  t h a t  obtained f o r  zinc selenide.  
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CHAPTER I 

Introduction 

Improved techniques for the calculat ion of e lec t ron  

energy bands in so l id s  have been applied recent ly  by 

severa l  investigators’ t o  various classes of so l id s  such 

as t h e  group I V  elements G e  and S i ,  the 111 - V compounds 

IraSb and G a p ,  and t h e  I1 - V I  compounds ZnS and cds. 

These advances have prompted extensive experimental acti- 

v i t y  d i rec ted  toward verifying the theo re t i ca l  r e su l t s .  

Studies  of t he  op t i ca l  properties of s o l i d s  i n  the  spec- 

tral region corresponding t o  direct e l ec t ron ic  t r a n s i -  

t i o n s  between t h e  energy bands afford an excel lent  means 

of verifying c e r t a i n  aspects of the theory. 

ies, however, have u n t i l  recent ly  been l i m i t e d  t o  the 

Such stud- 

s p e c t r a l  region i n  the  v i c in i ty  of t h e  lowest lying in- 

terband t r a n s i t i o n  w h i c h  normally occurs i n  the infrared 

or visible region of the spectrum. I n  order t o  provide a 

more detailed v e r i f i c a t i o n  o f  band calculat ions it is  im- 

portant t o  extend these measurements t o  considerably 

higher energy. I n  the present experiment, o p t i c a l  stud- 

ies of ZnS s ingle  crystals were carried out i n  the energy 

range encompassing several  prominent interband t r a n s i -  

t ions . 

, 

The group I V  elements c r y s t a l l i z e  i n t o  the diamond 
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s t ruc ture ,  and the  I11 - V compounds c r y s t a l l i z e  i n t o  the 

zinc blend form. Group I1 - V I  s o l i d s  exhibit two forms, 

z inc  blend and hexagonal. No extensive band s t ruc tu re  

calculat ions have been performed f o r  the I1 - V I  c o m -  

pounds i n  the z inc  blend form; however, Herman and S k i l l -  

man' have carried out preliminary calculat ions f o r  hexa- 

gonal z inc sulphide. Since a l l  three groups have t h e  

face centered cubic space lattice i n  common, however, the 

band s t ruc tu re  for a l l  solids w i t h  the diamond or  z inc  

blend s t ruc tu re  should be closely related. 

Invest igat ions of the  o p t i c a l  propert ies  of these 

solids for the  s p e c i f i c  purpose of verifying the r e s u l t s  

of band calculat ions and for  observing intercompound 

s i m i l a r i t y  i n  band s t ruc ture  have been carried out w i t h  

success by several  invest igators  f o r  the group I V  and 

I11 - V compounds. 

S i m i l a r  s tud ies  of the zinc blend, I1 - V I ,  materi- 

als have been made, and the r e s u l t s  have been in te rpre ted  

by assuming a band s t ruc ture  s i m i l a r  t o  the group I V  and 

I11 - V sol ids .  
2 Jahoda has measured t h e  r ef lect i v i t y  of barium 

oxide s ing le  c rys t a l s  i n  the region of the fundamental 

absorption edge. From these measurements he w a s  ab l e  t o  

calculate values f o r  t he  absorption coeff ic ient .  R e f l e c -  

t i v i t y  measurements, however, pose c e r t a i n  d i f f i c u l t i e s .  



They are i n  general qu i t e  s e n s i t i  r e  t o  the s rface condi- 

t i o n  of the sample. C h e m i c a l  act ion,  adsorption of i m -  

p u r i t i e s ,  or mechanical defects may alter the r e f l e c t i v i t y  

s ign i f icant ly ,  

ished and etched samples are preferred.. Jahoda, using 

samples cleaved i n  vacuum, obtained values f o r  the ab- 

For t h i s  reason, f r e sh ly  cleaved o r  pol- 

. sorpt ion coef f ic ien t  i n  good agreement w i t h  tradbmission 

measurements.. It w a s  also observed that the s tpucture  of 

the curve for  the absorption coef f ic ien t  is directly cor- 

related t o  the  s t ruc tu re  of the  curve f o r  the reflecti- 

v i ty .  Therefore, t he  posit ion of absorption bands may be 

determined d i r e c t l y  from the  r e f l e c t i v i t y  measurement. 

It w a s  a l s o  concluded that the in t e rp re t a t ion  of reflec- 

t i v i t y  measurements is a val id  m e t h o d  for determining the e 

o p t i c a l  properties.  
<- 

The measurement of the r e f l e c t i v i t y  f o r  the group I V  
i. 

and I11 - V so l ids ,  InSb, Ids, G A S ,  GaP, Ge,  Si, and C 

beyond the fundamental edge y i e l d s  a number of prominent 

r e f l e c t i v i t y  peaks. 

Ehrenreich, Phi l ipp and P h i l l i p ~ ~ , ~  t o  d i r e c t  interband 

t r a n s i t i o n s  a t  symmetry points  i n  the Br i l lou in  zone. 

The energies at which these peaks w e r e  observed compare 

very favorably with the  r e s u l t s  of band calculat ions.  

The r e f l e c t i v i t y  of the I1 ‘- V I  s o l i d s  is, as expected, 

These peaks have been assigned by - 
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q u i t e  similar t o  that  for  the group I V  and I11 - V mate- 

rials. 

severa l  of the r e f l e c t i v i t y  peaks f o r  ZnSe, ZnTe, CdTe, 

HgTe and HgSe i n  the  region below 5 e lec t ron  vol t s .  

Using t h i s  s i m i l a r i t y  Cardona’ has iden t i f i ed  

The prototype I1 - V I  so l id ,  ZnS, has a fundamental 

absorption edge at  approximately 3.7 e lec t ron  vo l t s ,  and 

no addi t iona l  s t ruc tu re  is observed below the  edge. It 

w a s  decided, therefore,  t o  measure t h e  r e f l e c t i v i t y  of 

t h i s  material i n  the energy range of 4 t o  30 e lec t ron  

volts. This important so l id  has been omitted from pre- 

vious work because the spectral region involved occurs i n  

the  vacuum u l t r a v i o l e t  where special experimental methods 

must be employed. I n  the present experiment, the  reflec- 

t i v i t y  w a s  measured over a broad spectral region with 

apparatus designed and assembled for operation throughout 

t h e  vacuum u l t r a v i o l e t  region. 



CHAPTER I1 

Experimental Apparatus and Procedure 

The experimental equipment consisted of an u l t r a v i o l e t  

l i g h t  source, a vacuum monochromator, and a reflectometer.  

Radiation generated i n  the source was passed through a 

s l i t  system onto t h e  d i f f rac t ion  grating of t h e  monochroma- 

t o r  and the dispersed beam was focussed on an e x i t  s l i t .  

By ro ta t ing  the grat ing about a v e r t i c a l  ax is ,  the spectrum 

was swept past  the slit. Thus, a near ly  monochromatic beam 

passed i n t o  the reflectometer and onto the sample. The 

l i g h t  re f lec ted  from the sample was co l lec ted  by a l i g h t  

pipe and transmitted t o  a photomultiplier. The output of 

the  photomultiplier was monitored by a micromicroammeter 

which i n  tu rn  drove a chart recorder. A recorded t r ace  of 
- 

t h e  re f lec ted  and incident radiat ion could thus-be  obtained. 

The r e f l e c t i v i t y  of t h e  sample was calculated by comparing 

t h e  peak heights of the t w o  t races .  I n  t h e  following sec- 

t i ons  the apparatus and experimental procedure a re  described 

--. i n  d e t a i l .  

The u l t r a v i o l e t  l i g h t  source used was s imilar  t o  tha t  
6 developed by Walker e t  al .  and is  i l l u s t r a t e d  i n  f igure  1. 

It cons is t s  of a ceramic discharge tube w i t h  a 3 mm x 4 cm 

cap i l l a ry .  Gas a t  reduced pressures w a s  passed i n t o  the 

tube through a water-cooled, vacuum-sealed cap. The 
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discharge tube w a s  connected t o  a d i f f e r e n t i a l  pumping 

chamber which w a s  evacuated by a 140 l i t e r  per minute 

mechanical pump. The d i f f e ren t i a l  pumping chamber and 

l i g h t  source w e r e  i s o l a t e d  f r o m  t h e  remaining pa r t s  of 

t h e  system by a 2" diameter vacuum gate  valve located in 

t h e  entrance s l i t  a r m  of the monochromator. A vacuum 

thermocouple gauge located i n  the d i f f e ren t i a l  pumping 

chamber w a s  used t o  monitor t he  gas pressure i n  t h e  l i g h t  

source. 

A d i r e c t  current  glow discharge i n  hydrogen gave rise 

t o  t w o  d i s t i n c t  spectral regions. They consis ted of a 

many-lined atomic and molecular spectrum extending f r o m  7 

t o  14 electron v o l t s ,  1700 t o  900 1, and a molecuiar con- 

.-' tinuum extending f r o m  4 to 7 electron v o l t s ,  3200 t o  

1700 A. 
t o  operate for approximately 30 minutes after f i r i n g  t o  

insure t h a t  any change in l igh t  i n t ens i ty  due t o  removal 

of impuri t ies  w a s  minimized. The reproducibi l i ty  of t h e  

spectrum w a s  estimated t o  be? 5% over periods of several  

During the  measurements, t h e  discharge w a s  allowed 

hours. Typical operating conditions for t h i s  source are 

given i n  t a b l e  I. A high voltage, low pressure pulsed 

discharge i n  argon w a s  used for t h e  spec t r a l  region of 12 

t o  30 electron v o l t s ,  corresponding t o  the wave length 

region between 1000 and 400 angstroms. 

maintained by a l t e rna te ly  discharging t w o  0.1 mfd capaci tors  

The discharge w a s  
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through the  gas w i t h  a rotary spark gap. 

w e r e  charged t o  between 5 and 10 k i lovo l t s  w i t h  a high 

voltage doc, p o w e r  supply, A discharge r epe t i t i on  rate 

of 60 per second and a pulse durat ion of approximately 

100 microseconds w e r e  typ ica l  of t h i s  mode of operation. 

This source y i e lds  primarily strong emission l i n e s  of 

multi-ionized atoms. The wave lengths  of t h e  l i n e s  used 

w e r e  obtained by comparison w i t h  tabulated spectrum 

tables7 and they are l i s t e d  i n  table 11. 

generated i n  t h i s  source have a tendency t o  decrease i n  

i n t e n s i t y  as t h e  source i s  operated; however, the primary 

l i n e s  were observed t o  remain constant to about& 5%. 

Typical operating conditions of t h i s  source are l is ted i n  

table I .  

The capacitors 

Impurity l i n e s  

The vacuum monochromator used w a s  a 0.5 m e t e r  Seya- 

N a m i o k a  mounting constructed by the  Jarrell A s h  Company. 

A Bausch and Lomb gra t ing  r u l e d  a t  1200 l i n e s  per mm over 

an area 50 x 30 mm w a s  i n s t a l l e d  i n  the  monochromator. 

The grat ing w a s  blazed a t  1500 A and overcoated w i t h  m a g -  
e 

nesium f luo r ide  t o  increase t h e  eff ic iency i n  t h e  u l t r a -  

v io le t ,  For m o s t  of the  measurements an e x i t  slit  w i d t h  

of 100 microns giving a band pass of about 2A w a s  used. 
a 

The monochromator w a s  evacuated by a 3fr o i l ' d i f f u s i o n  

pump backed by a 140 l i t e r  per minute mechanical pump. An 

ult imate  pressure of low6 t o r r  w a s  obtained when l i q u i d  

- 7 -  
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I '  

nitrogen vapor t r aps  w e r e  used. 

Wave length scanning was obtained by ro t a t ing  the  

grat ing w i t h  a twelve speed e l e c t r i c  dr ive  w h i c h  provided 

various scanning r a t e s  from 5 t o  2500 1 per minute. 

wavelength indicat ing counter w h i c h  reads d i rec t ly  i n  

angstrom u n i t s  w a s  attached t o  t h e  dr ive mechanism. D a t a  

were normally taken a t  scanning rates of 25 and 50 A per 

minute . 

A 

The special  vacuum reflectometer constructed f o r  

t h i s  experiment is  shown i n  f igures  2 and 3. It consisted 

of a 6tt diameter seamless s t a in l e s s  steel vacuum chamber 

which w a s  at tached to t h e  ex i t  s l i t  of the  monochromator 

through a 2rr high vacuum gate valve. 

w a s  maintained i n  the chamber by a 2" oil di f fus ion  pump - 

backed by a 140 l i t e r  per minute mechanical pump. U l t i -  

m a t e  pressures a t t a inab le  w i t h  l i qu id  nitrogen cold t r a p s  

var ied from t o  5 x lom7 t o r r .  The primary components 

of t h e  reflectometer w e r e  a double cold t r a p ,  a sample 

holder, a l i g h t  pipe,8 and a photomultiplier assembly. 

Reduced pressure 

The double cold t r ap ,  as indicated i n  f i g u r e  2, w a s  

completely removable from the  main chamber f o r  cleaning 

and alignment purposes. The outer t r a p  w a s  constructed so 

t h a t  i t  extended i n t o  t h e  main chamber. For actual low 

temperature measurements, an aluminum shield,  shown by 

the dashed line i n  f igure  2, w h i c h  surrounded t h e  sample 
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holder was attached t o  the outer t rap.  I n  t h i s  manner 

the  area surrounding the sample was trapped w h i l e  the  

sample remained a t  room temperature. The inner t r a p  was 

not f i l l e d  u n t i l  the outer t r a p  had cooled fo r  a s u f f i -  

c i e n t  length of time. The bottom of t he  inner t r a p  was 

constructed of copper f o r  maximum thermal conductivity. 

Tests made w i t h  a thermocouple attached t o  the bottom of 

the  aluminum shie ld  showed t h a t  i t  reached a temperature 

of 90 degrees K within approximately 60 minutes a f t e r  the 

t r a p  was f i l l e d  w i t h  l i qu id  nitrogen, Although no tem- 

perature measurements were taken at the sample holder, i t  

assuredly reached a temperature below 90 degrees K. 

A copper sample holder was constructed w i t h  two Iden- 

Each face had been accurately milled t o  hold , t i c a l  faces.  

the sample a t  20 degrees f r o m  normal incidence and a hole 

the s i z e  of the radiation beam was located i n  the center of 

each face.  The sample was held t o  one face w i t h  a bronze 

clamp which a l so  served t o  mask a l l  but t ha t  portion of 

the sample exposed t o  the d i rec t  beam. T h i s  precaution 

insured tha t  no sca t te red  l i g h t  was re f lec ted  by the sam- 

ple  i n t o  the l i g h t  pipe, The sample was inser ted  or re -  

moved from the beam by rotat ing the inner cold t r ap  through 

90 degrees, 

darkened to  decrease spurious r e f l ec t ions .  Tests t o  observe 

All par t s  of the sample holder were chemically 

l i g h t  sca t te red  from e i the r  face were made by ro t a t ing  the 
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l i g h t  pipe t o  t h e  forward position. The scattered l i g h t  

i n t e n s i t y  w a s  found t o  be negl ig ib le .  The beam w a s  also 

measured as it  passed through each face of the  holder 

and no s igni f icant  difference w a s  observed, It w a s ,  there-  

fore, assumed t h a t  t h e  sample holder did not i n t e r f e r e  

w i t h  t h e  reflection measurements i n  any way. 

A l i g h t  pipe w a s  constructed of 10 mm pyrex g l a s s  

rod bent  i n t o  a hook shape and sealed t o  the  reflectometer 

w i t h  O-rings as shown i n  f igures  2 and 3, Each face of 

t h e  l i g h t  pipe w a s  polished t o  optical q u a l i t y  to give 

m a x i m u m  l i g h t  transmission, When rotated as shown i n  

figure 2, the  face of the  light pipe intercepted t h e  inc i -  

dent  or t h e  reflected beams. I n  order t o  detect the  u l t r a -  

v i o l e t  rad ia t ion ,  a fluorescent coating of sodium sa l icy-  

l a t e  w a s  placed on t h e  face of t h e  l i g h t  pipe. The f luores-  

cent eff ic iency of t h i s  material  has been measured by 

sever a1 inves t iga tors  8 9  and found t o  be constant over a 

w i d e  spectral region. The center of i t s  f luorescent  band 
0 

occurs a t  4300 A and is  therefore e a s i l y  t ransmit ted by 

t h e  l i g h t  pipe. The opposite end of the  l i g h t  pipe w a s  

sealed i n t o  a l i g h t  t i g h t  photomultiplier housing w h i c h  

held it approximately 1/32'! f r o m  t h e  face of t h e  photo- 

mul t ip l ie r .  

An EM1 6256B phbtomultiplier which  has a m a x i m u m  sen- 
0 

s i t i v i t y  near 4300 A w a s  used. A div ider  voltage for t h e  
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tube w a s  supplied by a Victoreen model l" variable  d.c. 

I 

power supply w h i c h  w a s  normally operated a t  1000 v o l t s  

giving about 70 vo l t s  per  stage on the.photomult ipl ier .  

D a r k  currents  observed w i t h  t h i s  voltage w e r e  less than 

10-l' amperes and w e r e  negl igible  compared t o  the  photo 

current  generated by the l i g h t  s ignal .  The photocurrent 

w a s  measured w i t h  a Keithley model 410 micro-microammeter 

w h i c h  i n  tu rn  drove a 10 mi l l ivo l t  Leeds and Northrup 

model S chart recorder whose gain w a s  adjusted for minimum 

noise  and m a x i m u m  response to  t h e  micro-microammeter. 

Optical  alignment of t h e  reflectometer w a s  obtained 

by replacing the l i g h t  source with an incandescent lamp 

and using t h e  c e n t r a l  image of the  monochrometer. The 

sample holder w a s  f i rs t  adjusted u n t i l  t h e  l i g h t  beam 

passed f r e e l y  through each face. A sample w a s  then posi- 

t ioned i n  t h e  holder and the horizontal  posi t ion of t h e  

l i g h t  pipe w a s  var ied u n t i l  the  beam w a s  intercepted at 

the  same region of t h e  coated face i n  e i ther  posi t ion.  

The e n t i r e  system w a s  then sealed and evacuated as soon as 

possible  after the sample was in s t a l l ed .  When taking the  

measurements both the  incident and re f lec ted  beam w e r e  

posit ioned on t h e  l i g h t  pipe by s e t t i n g  the  monochromator 

on a prominent l i n e  i n  the spectrum and ro t a t ing  t h e  l i g h t  

pipe for m a x i m u m  s ignal .  

w a s  a l w a y s  found t o  be sharp, w h i c h  indicated t h a t  t h e  l i g h t  

The posi t ion f o r  m a x i m u m  s igna l  
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beam was not scattered by the sample holder and was 

specularly ref lected  by the sample. Since the opt ica l  

path i n  e i ther  pos i t ion  was ident ica l ,  the measurements 

yielded absolute values for the r e f l e c t i v i t y  . 

. 
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CHAPTER I11 

Theoretical  Considerations 

The c l a s s i c a l  description of t he  in t e rac t ion  of 

electromagnetic radiat ion w i t h  s o l i d s  i s  given by t h e  

so lu t ion  of Maxwell's equations. A deta i led  discussion 

of t h i s  problem is  presented i n  most standard references 

on t h e  op t i ca l  propert ies  of sol ids , lo211 and the  follow- 

ing discussion i s  a summary of the r e su l t s .  

The plane wave solution of the  wave equation f o r  a 

mater ia l  w i th  a f i n i t e  conductivity i s  characterized by 

a complex dielectric constant 

E(13.) = c , cq  i- i €,C4 (1.1 

The r e a l  and imaginary par ts  of g(,w)are r e l a t ed  t o  the  
.-_ 

index of re f rac t ion  h and the  ex t inc t ion  coef f ic ien t  k 
by : 

The ext inct ion coe f f i c i en t  is a measure of t h e  attenua- 

t i o n  of the wave as it penetrates the s o l i d  and i s  re- 

l a t e d  t o  the  absorption coe f f i c i en to (  by 

whereu  i s  the  frequency of t he  wave and C is  t h e  speed 

of l i g h t .  The imaginary par t  of EcQ) is  r e l a t ed  to absorp- 

t i o n  processes i n  the  s o l i d ,  and an expression f o r  ~ , ~ w )  i n  
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terms of o( can be obtained from equations (2b) and (3): 

The complex amplitude of ref lect ion axid t h e  r e f l e c t i v i t y  

are given by equations (5) and ( 6 )  respect ively,  

h-Lh - I 
Q - i h  + I  (5 .1  

\n= 

It i s  customary t o  w r i t e  the complex amplitude i n  the form: 
t Q  v= y e  

where t ==  R 
and 4 is  the phase. Taking  the logarithm of (71, t h e  

following complex function is formed: 

The phase angle can be found as a function of frequency by 

applying the Kramers-Kronig dispersion r e l a t ion  t o  ( 8 ) .  

T h i s  y ie lds  the expression: 
m a  

JO 

w h i c h  requires  a knowledge of the r e f l e c t i v i t y  over an ex- 

tended frequency range. I t  i s  therefore  neclessary t o  em- 

ploy an extrapolat ion method t o  determine the r e f l e c t i v i t y  

f o r  zero and i n f i n i t e  frequencies. The in tegra t ion  of 
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equation ( 9 )  can be done by graphical or numerical methods. 

By equating the  real and imaginary p a r t s  of (5) and (71, 

t h e  following expressions for h and k i n  t e r m s  of 

and are obtained: 
t 

\ - T I  \ =  (loa. 1 

( lob . )  

This analys is  provides one method f o r  determining c,(b) 
and &%tu) from a measurement of the reflectivity over an 

extended frequency range. I t  i s  an espec ia l ly  useful  

method f o r  determining the absorption proper t ies  of a s o l i d  

i n  a region w h e r e  direct absorption measurements become i m -  . 

p r a c t i c a l .  

An expression, based on t h e  one electron B l o c h  model, 

f o r  t h e  absorption coef f ic ien t  Q( or  

p a r t  of t h e  d i e l e c t r i c  constant, i n  t h e  interband t r a n s i -  

sk[u), t h e  imaginary 

t i o n  region can be obtained by generalizing the argument 

given by Smith. l2 L e t  the  states i n  t h e  valence band and 

conduction band be specif ied by t h e  Bloch funct ions 

c 
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4 

where \1 i s  the wave vector for  a par t icu lar  e lec t ronic  

s t a t e  i n  the band, and v is the volume of the crystal. 

The functions k[c,$) have the per iodic i ty  of t h e  d i r ec t  

l a t t i c e .  The incoming monochromatic wave i s  spec i f ied  by 

a vector po ten t ia l  

and is  t r ea t ed  as a periodic perturbation on the Bloch 

s t a t e s .  The perturbation operator is given by 

where e is  the  e lec t ronic  charge and kW the free electron 

m a s s .  The matrix elements f o r  t h e  in te rac t ion  operator are 

and the interband momentum matrix elements are 

Matrix elements f o r H  

interband momentum matrix elements: 

m a y  be expressed i n  t e r m s  of the 
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These m a t r i x  elements are found t o  be zero unless the 

condition 

J 3 

h ' - h = o  

is satisfied. Therefore, i f  a t r a n s i t i o n  from t h e  va- 

lence t o  the  conduction band occurs, the wave vector i n  

the i n i t i a l  and f i n a l  states must be t h e  same. Such 

t r a n s i t i o n s  are called v e r t i c a l  or direct interband t ran-  

s i t i o n s ,  The t r a n s i t i o n  rate f o r  t r a n s i t i o n s  between the  

valence and conduction bands i s :  

w h e r e  

and 

Eb and Ec are the  energies of t he  states i n  t h e  

valence and conduction bands respect ively,  andkQ is t h e  

energy of the  absorbed photon. The probabi l i ty  f o r  

- 17 - 



absorption of a photon per unit t i m e  per unit volume is 

found by summing\c,y over a l l  allowed states and is  given 

by : 

2 

This volume integral i n  h space may be written in t e r m s  

o f  the surface integral 

3 

where the integration is taken over the surface in 

space ident i f ied  by: 

(23.1 

The surface integral: 
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is  an expression fo r  the number of states per un i t  volume 

separated by an energy difference EL- . T h i s  is re- 

ferred t o  as the  j o i n t  density of states and is denoted 

. Therefore, 

Integrat ing (26) yields  

as the  f i n a l  expression fo r  the  absorption of a photon 

wi th  energy'C;W per un i t  volume per uni t  t i m e .  The ab- 

sorpt ion coeff ic ient  is given i n  t e r m s  of Ew(,hU) by: 

F 
w h e r e r  

is  given by: 

i s  the photon f l u x  i n  the material. 

-- 

(28. I 

This f l u x  

Combining (27), (28) and (29), the  absorption coef f ic ien t  
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f o r  valence t o  conduction band t r ans i t i ons  is: 

An o s c i l l a t o r  s t rength 

as: 

f o r  t h e  t r a n s i t i o n  may be defined 

and i n  t e r m s  of e c t ~  equation (30) becomes 

An expression f o r  L,Cw) can be found from equation (4). 

Band calculat ions f o r  G e  performed by Brust, 

Ph i l l i p s  and Bassani13 have shown tha t  the interband 

momentum matrix elements are  approximately \I 

dent. 

due t o  the  j o i n t  densi ty  of states. As can be seen from 

equation (25), the j o i n t  density of states has 

a 
indepen- 

Therefore, the  s t ruc ture  i n  2,Cw) is primarily 
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singularit ies  when the condition 

77\(Ec-EJ = 0 (34.1 

is  satisfied, This can occur i n  two ways, either 

or 

(35b.) 

These s ingularit ies  m a n i f e s t  themselves as m a x i m a  M3 , 
minimawe or saddle points, M, or ML , i n  B( 4 Ew) 
Structure i n  the experimentally determined values of RLU) 

or E ~ c w )  may be correlated with these s ingularit ies  t o  

give information on the location of the various energy 

gaps observed. 
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CHAPTER I V  

Experimental Results and In te rpre ta t ion  

The r e f l e c t i v i t y  measured for  t w o  samples of s i n g l e  

c r y s t a l  z inc sulphide i s  shown i n  f igu res  4 and 5. The 

s i n g l e  c r y s t a l  samples were obtained by cleaving a l a rge  

s ing le  c r y s t a l  which w a s  purchased f r o m  t h e  Eagle-Picher 

Company of Cleveland. Only those cleavages w h i c h  w e r e  

smooth over an area approximately the  size of the  beam w e r e  

used for measurement. 

as sample I w a s  mounted i n  the  reflectometer and kept under 

vacuum during the e n t i r e  measurement process. 

w a s  a l l o w e d  t o  remain i n  air f o r  about t h i r t y  days before 

measurement. Decreased r e f l e c t i v i t y  fo r  sample I1 w a s  

a t t r i b u t e d  t o  the  absorption of i m p u r i t i e s  on its surface.  ~ 

It is  s ign i f i can t  t h a t  the  s t ruc tu re  of t h e  r e f l ec t ion  

spectrum, however, i s  ident ica l  for  each sample. The curves 

i n  f igures  4 and 5 represent t h e  average of several  sets of 

data taken over poin ts  w i t h  a spacing of approximately 0.20 

The c r y s t a l  designated i n  f i g u r e  4 

Sample I1 

e lec t ron  v o l t s  and t h e  r e f l e c t i v i t i e s  shown are estimated 

t o  be accurage t o  f 2%. I n  the  region f r o m  20 t o  29 elec- 

t ron  v o l t s  the r e f l e c t i v i t y  w a s  found t o  be l o w  and rela- 

t i v e l y  constant. D a t a  were p lo t t ed  only a t  a f e w  selected 

wave lengths t o  obtain the  general t rend  o f - t h e  curve. 

Prominent peaks observed i n  t h e  r e f l e c t i o n  spectrum are 

summarized i n  table 111. Peak El showed evidence of a 
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shoulder a t  5.6 ev which was, however, within t h e  scatter- 

ing of t h e  data i n  t h i s  region and w a s  therefore  o m i t t e d  

f r o m  t h e  smoothed curve. T h e  r e f l e c t i o n  spectrum of ZnS 

is very s i m i l a r  t o  t h a t  obtained by Ehrenreich and Ph i l l i pp  4 

fo r  germanium which is  shown i n  f i g u r e  6. I t  i s  also s i m i -  

lar  t o  that  of other  group I V  and group 111-V sol ids .  

The peaks El, Ea, a n d E 3  w e r e  t en t a t ive ly  i d e n t i f i e d  

by comparison wi th  t h e  band s t ruc tu re  ca lcu la t ions  of 

Brust ,  P h i l l i p s  and Bassani’* f o r  germanium. 

obtained the  e lec t ronic  energy bands of germanium along 

t h e  (loo), (1111, and (110) di rec t ions  i n  the  Bril louin 

zone. A reproduction of t he i r  r e s u l t s  i s  shown i n  f igu re  

7 i n  which t r a n s i t i o n s  are indicated a t  poin ts  s a t i s fy ing  

conditions (35a) and (35b). A summary of t h e  interband 

These authors 

t r a n s i t i o n s  i d e n t i f i e d  by Brust, P h i l l i p s  and Bassani i s  

given i n  table I V .  

f l e c t i v i t y  f o r  germanium, shown i n  f igu re  5, w e r e  labeled, 

using this table. Fine s t r u c t u r e ,  of course, is not  re- 

solved i n  t h i s  curve. By comparing the  present r e s u l t s  on 

z inc  sulphide with those f o r  germanium, E can be assigned 

The peaks i n  t h e  room temperature re- 

1 

s i t i o n .  A t  present,  t h i s  i den t i f i ca t ion  is  t en ta t ive .  A 

more pos i t i ve  determination can only be made after l o w  

temperature measurements and re f ined  band s t ruc tu re  calcu- 

l a t i o n s  are avai lable  . 
- 23 - 



Reflect ivi ty  peaks observed f o r  the 111-V s o l i d s  

GaP, G a A s ,  I d s ,  and InSb fo r  energies greater  than  10 

ev have been a t t r i b u t e d  by Ehrenreich and Philipp15 t o  

d i r e c t  t r ans i t i ons  from the  d-band t o  the  bottom of the  

conduction band. The d-band occurs several  e lectron vo l t s  

below the valence band and is  assumed t o  be due t o  the d- 

s h e l l  e lectrons of the group I1 or I11 element of the  

so l id .  Ref lec t iv i ty  data for  s i l i c o n ,  w h i c h  lacks d- 

s h e l l  e lec t rons ,  exhib i t s  no s t ruc tu re  beyond 10 ev. 

Figure 8 ,  taken from reference 4, is  a p lo t  of the  d-band 

exc i ta t ion  energy i n  the sol ids  GaAs, G a p ,  and ZnSe versus 

t h e  corresponding atomic t r ans i t i on  36 lo 13aq  y e  f o r  the  

completely ionized atom. Since the curve i s  l i n e a r ,  i t  

can be assumed t h a t  the  same t r a n s i t i o n  i s  responsible i n  

each case. The peak E4 obtained i n  the present s tudy  f o r  

z inc sulphide has been included i n  f i g u r e  8. 

f a l l s  exactly on the s t r a i g h t  l i n e ,  i t  w a s  a t t r i b u t e d  t o  

a d-band t r ans i t i on .  The weak dependence of the d-band t o  

As t h i s  peak 

conduction band energy gap i n  zinc compounds is  shown by 

t h e  agreement of the present value of 13.8 ev f o r  ZnS with 

t h a t  of 14 ev f o r  ZnSe. 
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I '  

CONCLUSION 

The r e f l ec t ion  spectrum of cubic s i n g l e  c r y s t a l  z inc 

sulphide w a s  measured i n  the energy region between 3 and 

30 e lec t ron  vol t s .  Four prominent r e f l e c t i v i t y  peaks w e r e  

observed and iden t i f i ed  as direct interband t r ans i t i ons .  

The peaks, ElY E2 and E3y w e r e  associated wi th  valence t o  

conduction band t r ans i t i ons  a t  c r i t i ca l  poin ts  i n  t h e  

Br i l lou in  zone. T h i s  assignment w a s  m a d e  by comparing the  

r e f l e c t i v i t y  of z inc  sulphide w i t h  s i m i l a r  data and elec- 

t ron  energy band calculat ions f o r  germanium. The iden t i -  

f i c a t i o n  of these peaks i n  z inc sulphide,  however, must 

remain t en ta t ive  u n t i l  the r e f l e c t i v i t y  i s  measured a t  

l i q u i d  nitrogen and possibly l i qu id  helium temperatures. 

Additional s t ruc tu re  observed i n  t h i s  temperature region 
- 

should m a k e  the  assignment of the  t r a n s i t i o n s  by t h i s  com- 

parison method more def in i te .  Unambiguous iden t i f i ca t ion  

of these peaks i n  z inc sulphide and i n  other 11-VI so l ids  

can be m a d e  only w i t h  t h e  a id  of extensive band calcula- 

t i o n s  f o r  these materials. 

The remaining r e f l e c t i v i t y  peak, E4, observed i n  z inc 

sulphide w a s  a t t r i b u t e d  t o  a d-band t r a n s i t i o n .  Peaks i n  

t h e  11-VI s o l i d s ,  ZnTe and ZnSe, a t  approximately t h e  same 

energy, and t h e  l i n e a r  re la t ionship  between ' the  d-band 

exc i t a t ion  energy i n  the  s o l i d  and the energy of t h e  corres- 

ponding a t o m i c  t r a n s i t i o n s  for these and several 111-V 
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s o l i d s ,  f i rmly substant ia te  t h i s  i den t i f i ca t ion .  Additional 

s t ruc tu re  i n  t h e  d-band due t o  t r a n s i t i o n s  terminating a t  

different  conduction band leve ls  should be expected. An 

invest igat ion of the  d-band a t  both room and l o w  tempera- 

t u r e s  with a high resolution instrument i s  present ly  planned. 

Although the  present data are s u i t a b l e  fo r  K r a m e r s -  

Kronig analysis ,  such an analysis has  not ye t  been carried 

out .  The importance of this analysis  i s  g rea t ly  increased 

i f  applied t o  measurements m a d e  a t  l o w  temperatures. R e -  

f l e c t i o n  measurements at 80 degrees K are cur ren t ly  being 

attempted f o r  several so l ids ,  ZnS, ZnSe, CdS and diamond. 

However, w i t h  t he  present reflectometer, t h e  rate of ad- 

sorpt ion of impuri t ies  on t h e  surface of the sample at 

l i q u i d  nitrogen temperature i s  prohib i t ive .  The ref lect i -  

v i t y  is  found t o  decrease by a f a c t o r  of 80% i n  approximately 

t e n  minutes after t h e  sample is  f i r s t  cooled. O i l  vapor 

f r o m  the vacuum pumps i s  thought t o  be t h e  primary i m -  

pu r i ty  present.  A new reflectometer w i t h  more e f f ec t ive  

l i q u i d  nitrogen t r aps  and u t i l i z i n g  an ion vacuum pump is  

now under consideration. 
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Table I1 

A r g o n  Spectrum Wavelength Identification 

0 a 
N o m i n a l  h ( A )  Tabulated spectral l i nes  (A) 

446 . 8 

457.9 

462.3 

466.2 

473.2 

478.4 

483 . 5 

488.8 

492.2 

500.4 

503.5 

446.0 AV 
447.0 AV 
447.5 AV 

457.0 AVI 
457.5 AVI 
459.3 AVI 

461 . 2 AV 
463.9 AV 
462.4 AV 

466.5 A I I I  
467.4 A I 1 1  
468.5 AIII 

470.0 A I 1 1  
473.0 A I 1 1  
473.9 A I 1 1  

476.4 A I 1 1  

481.9 A I 1 1  
482.6 A I 1 1  

487.0 A I 1 1  
488.0 A I I I  
488.5 A I 1 1  

492.2 A I 1 1  

499.9 A I 1  
500.8 A I 1  

502.0 A I 1  
502.2 A I 1  
503.6 A I 1  

462.0 OVI 
462.2 OVI 

469.0 0111 
469.8 0111 

475.7 A V I I  

479.4 A V I I  
479.5 A V I I  

484.1 A I 1 1  
485.2 A I 1 1  

488.8 A I 1  
491.1 A I 1 1  

504.8 A I 1  
505.0 A I 1  
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Table I1 (continued) 

b 
Nominal A(A) Tabulated spectral lines (E) 

508.0 508.4 AI11 
508.6 AI11 

516.3 515.5 011 
515.6 011 
517.9 $311 

519.6 518.9 AI1 
519.3 AI1 

525 . 0 522.8 AI1 
524.7 AI1 
526.5 AI1 

530.7 529.9 AI11 
532.4 AI11 

534 . 7 536.8 AI11 
535.6 AI11 
537.1 AI1 

538.7 

543.3 

547.2 

550.2 

538.8 AI11 
537.5 AI11 

542.9 AI1 
543.2 AI1 
543.7 AI1 

544 . 7 AVI 

551.4 AVI 

507.4 0111 
507.7 0111 
508.0 0111 

522.1 AV 518.2 011 

525.8 0111 

530.5 AI1 529.9 NII 

533.5 NIX 
533.6 NII 
533.6 NII 
533.7 NII 
533.8 NII 

537.8 011 
538.3 011 
538.3 011 
539.1 011 
539.5 011 
539.9 011 

546.2 AI1 
547.2 AI1 
547.5 AI1 

548.8 AI1 
550.5 AI1 
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Table I1 (continued) 

Tabulated spectral lines (A) 
553.5 AI11 
556.9 AI11 

560.2 AI1 
558.3 AI11 

555.6 AVI 
556.8 AI1 

558.5 AV 

555 . 7 
559 

567 

573.9 576.7 AI1 
572.0 AI1 
573.4 AI1 

573.5 AI11 

578.4 578.1 AI1 
578.6 AI1 

578.4 AI11 

580.4 011 585.6 AVII 
581.0 011 

582.7 583.4 AI1 
580.3 AI1 

593 

599.3 597.8 0111 
599-6 0111 

600.6 011 

602 . 9 
606.3 

602.9 AI1 

604.2 AI11 
608.4 OIV 

610.0 01x1 
610.8 0111 

610.8 612.6 AI1 
609,8 OIV 

616.9 OIV 
617.0 OIV 

616.7 616.3 011 
616.4 011 

624.6 OIV 
625.1 OIV 
625.8 OIV 

624.8 623.8 AI11 

636.3 637.3 AI11 
635.2 NII 

643.9 641.8 AI11 
643.3 AI11 

644.6 NII 
645.2 NII 
644.8 NII 
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Table I11 

Peak 

=1 

=2 

=3 

=4 

5.9 e .v .  

7.2 

9.8 

13.8 

2530 A" 

1720 

1265 

900 

PROMINENT PEAKS 

i n  the 

REFLECTION SPECTRUM OF ZnS 
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Table I1 (continued) 

Nominal h(x)  Tabulated spec t r a l  

653 

665.3 664 . 6 A I 1  
666.0 A I 1  

671 . 9 670.9 A I 1  
671.9 A I 1  

683.3 

685.7 

689.2 

695. 5 

699 . 9 

703 . 0 

708.3 

716.0 

718. 5 

725.5 

730.9 

754.7 

760.7 

, 683.3 AIV 

685.0 N I I  
685.5 N I I  

688.4 AIV 
689.0 

695.5 A I 1 1  

700.3 AIV 
699.4 AIV 

702.3 0111 
702.8 0111 

709 . 2 AV 

715.6 AV 
715.7 AV 

718.5 011 
718.6 011 

725.5 AI1 

730.9 A I 1  

754.2 AIV 
755 . 2 AIV 

758.7 OV 
759.4 ov 
760.2 OV 

671.4 N I I  
671.8 N I I  
671.0 N I I  
671.6 N I I  
672.0 N I I  

685.8 N I I  
686.3 N I I  

690.2 A I 1 1  

702.9 0111 
703.9 0111 

707.3 0111 

718.1 A I 1  

754.8 A I  I 

760.5 A I V  
761.5 A I V  

l i n e s  (8, 

672.9 011 
673.8 011 
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a 
Nominal h(A) 

760.7 

764.3 

771.3 

773 . 5 

776.0 

780.0 

787 7 

790.2 

796.7 

801.6 

807 9 

816.4 

823.8 

826.9 

Table I1 (continued) 

Tabulated spec t ra l  l i n e s  (2) 
760.5 OV 
761.1 OV 
762.0 OV 

763.3 N I I I  
764.4 N I I I  

771.5 N I I I  
771.9 N I I I  
772.4 N I I I  

772.9 N I I I  
773.0 N I I I  

776.0 N I I  

779.8 OIV 
779.9 O I V  

787.7 Q I V  

790.1 O I V  
790.2 O I V  

796.7 011 

802.2 O I V  
802.3 O I V  

806.9 A I  
807.0 A I  

816.2 A I  
816.5 A I  

822.2 AV 
825.4 A I  

827.0 AV 
827.4 

762.2 A I 1  

765.1 N I V  

769.2 A I 1 1  

774.5 ov 

800.6 A I V  
801.1 A I V  
801.4 A I V  
801.9 A I V  

807.7 A I  
809.9 A I  

826.4 A I  
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Nominal A(;) 

834.2 

840.0 

843.8 

850.6 

859 . 8 

864.5 

871 . 1 

875.6 

879.4 

883 . 1 

887.4 

892.2 

901.1 

906.4 

908.1 

916.1 

Table I1 (cont inued)  

Tabulated s p e c t r a l  l i n e s  (A)  
834.4 A I  
835.0 A I  

834.9 AV 

840.0 A I V  

843 -8 AIV 

850.6 AIV 

860.2 N I  
860.9 N I  

866.8 A I  

871.1 AI11 

875.5 AI11 
876.1 A I  

879.6 A I 1 1  
878.7 0111 

883.2 AI11 

887.4 A I 1 1  

894.3 A I  

900.4 AIV 
901.2 AIV 

906.2 N I  
906.4 N I  

907.3 N I  
908.2 111 

915.6 N I I  
916.0 N I I  

832.8 011 832.9 0111 
833.3 011 833.7 0111 

835.1 0111 
834.5 011 835.3 0111 

859.4 N I  
858.8 N I  

862.2 N I  863.2 N I  
862.9 N I  864.9 N I  
865.6 N I  865.9 N I  

871.1 0111 

875.5 0111 
875.1 N I  
875.3 N I  

880.0 A I  

882.9 01 

887.4 0111 

890.0 0111 

901.8 A I V  

906.6 N I  

908.8 N I  

916.0 N I I  
916.7 N I I  
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e 
Nominal A(A) 

921.0 

923.5 

932.1 

937.2 

952 .? 

956.8 

964.5 

971.7 

973.4 

977.7 

979 . 9 

989.0 

990.8 

995.0 

1004 . 0 

Table I1 (continued) 

a 
Tabulated s p e c t r a l  l i n e s  ( A )  

918.8 AI1 
919.8 011 

923.1 N I V  
923.2 N I V  
923.7 N I V  
924.3 N I V  

932.1 A I 1  

936.6 01 
937.8 01 

952.4 01 
952.9 01 

958.3 A I 1  

964.0 N I  
964.6 N I  

961.7 01 

973.2 01 
973.9 01 

976.5 01 
978.0 01 

979.8 N I I I  
979.9 N I I I  

988.6 011 
988.7 011 

990.1 01 
990.0 01 
990.8 01 

1002.1 A I 1 1  

922.0 N I V  
922.5 N I V  

923.4 OIV 

951.1 N I  952.3 N I  953.7 N I  
951.4 N I  952.5 N I  954.0 N I  
952.8 N I  953.4 N I  953.4 N I  

955.3 N I V  

965.0 N I  

978.6 01 

988.8 01 
989.8 N I I I  

991.5 N I I I  
991.6 N I I I  

1006.0 N I I I  
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Table. I1 (continued) 

Nominal h(1) 
1008.9 

1014.0 

1018.0 

1027-1 

1040.6 

1043.9 

1048 . 2 
1060.0 

1067.2 

1071.7 

1078.0 

1054.8 

Tabulated spectral lines (A)  0 

1008.9 NI 

1025.8 01 1028.2 01 
1027.4 01 

1039.2 01 1041.7 01 
1040.9 01 

1043.1 NI 1044.1 NI 
1043.6 NI 1044.7 NI 

1048.2 AI 1048.2 01 

1066.6 NI 1066.7 AI 
1067.6 NI 1066.7 01 
1067.0 NI 
1068.5 NI 
1067.3 NI 

1071.7 NI 

1085.7 NII 1084.8 NII 
1084.6 NII 
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